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a/b-Galactoside a2,3-sialyltransferase produced by Photobacterium phosphoreum JT-ISH-467 is a
unique enzyme that catalyzes the transfer of N-acetylneuraminic acid residue from cytidine mono-
phosphate N-acetylneuraminic acid to acceptor carbohydrate groups. The enzyme recognizes both
mono- and di-saccharides as acceptor substrates, and can transfer Neu5Ac to both a-galactoside
and b-galactoside, efﬁciently. To elucidate the structural basis for the broad acceptor substrate spec-
iﬁcity, we determined the crystal structure of the a2,3-sialyltransferase in complex with CMP. The
overall structure belongs to the glycosyltransferase-B structural group. We could model a reason-
able active conformation structure based on the crystal structure. The predicted structure suggested
that the broad substrate speciﬁcity could be attributed to the wider entrance of the acceptor sub-
strate binding site.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Sialic acids are important components of carbohydrate chains
and are linked to terminal positions of the carbohydrate moiety
of glycoconjugates, including glycoproteins and glycolipids. Stud-
ies on the structure-function relationship of sialic acids have re-
vealed that N-acetylneuraminic acid (Neu5Ac) is a major sialic
acid component of glycoconjugates, and that the sialylated carbo-
hydrate chains of glycoconjugates play signiﬁcant roles in many
biological processes, including immunological responses, viral
infections, cell–cell recognition, and inﬂammation [1–4]. Sialylated
glycoconjugates are formed by speciﬁc sialyltransferases in the
cell. All sialyltransferases use cytidine monophosphate N-acetyl-
neuraminic acid (CMP-Neu5Ac) as the common donor substrate.
To date, sialyltransferases have been cloned from a variety of
sources, including mammalian organs, bacteria and viruses.chemical Societies. Published by E
amamoto); +81 92 642 2854
p (T. Yamamoto), kakuta@Sialyltranaferases are classiﬁed into four families according to
the carbohydrate linkages they synthesize: b-galactoside a2,3-sial-
yltransferases (ST3Gal I–V), b-galactoside a2,6-sialyltransferases
(ST6Gal I), GalNAc a2,6-sialyltransferases (ST6GalNAc I–IV), and
a2,8-sialyltransferases (ST8Sia I–V) [5]. On the other hand, sial-
yltransferases have been classiﬁed into ﬁve families, on the basis
of sequence similarities in the CAZy (carbohydrate-active en-
zymes) database [6], in which all bacterial sialyltransferases are
grouped into four families: (1) glycosyltransferase (GT) family 38,
(2) GT family 42, (3) GT family 52 and (4) GT family 80. Genes
encoding sialyltransferases have been cloned from various bacteria
[7–18].
Although there are many reports on mammalian sialyltransfe-
rases, no crystal structure of mammalian sialyltransferases has
been reported. On the other hand, the crystal structures of ﬁve bac-
terial sialyltransferases have been determined. The ﬁrst was that of
the bi-functional enzyme a2,3-/a2,8-sialyltransferase (CstII),
belonging to GT family 42, from Campylobacter jejuni OH4384,
complexed with a substrate analog [19]. The second was that of
the multifunctional enzyme a2,3-sialyltransferase (D24PmST1),
belonging to GT family 80, from Pasteurella multocida strainlsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics.
Data collection
Space group P1
Unit cell parameters a = 54.43 Å, b = 57.83 Å, c = 59.25 Å
a = 90.06, b = 106.76, c = 103.20
Beam line SPring-8 BL38B1
Wavelength (Å) 1.000
Resolution range (Å) 50.0–2.0




Completeness (%) 97.8 (96.1)
Reﬁnement statistics
Resolution range (Å) 20.7–2.0
Number of reﬂections
Working set/test set 39104/2192
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a2,3-sialyltransferase activity, a2,6-sialyltransferase activity, siali-
dase activity, and trans-sialidase activity. In addition to a descrip-
tion of the crystal structure of this enzyme in complexes with both
acceptor and donor substrate analogs, substrate binding sites and
the catalytic mechanism have also been reported [20,21]. The third
structure was that of monofunctional a2,3-sialyltransferase (CstI),
belonging to GT family 42, from C. jejuni in apo-and substrate-ana-
log-bound forms [22]. The fourth was that of mono-functional
a2,6-sialyltransferase (D16pspST6), belonging to GT family 80,
from Photobacterium sp. as a CMP donor product and lactose-
bound complex [23]. The ﬁfth was that of a2,3-sialyltransferase
from P. multocida in a complex with CMP-3FNeuAc and lactose
[24].
Previously, we cloned and overproduced a/b-galactoside a2,3-
sialyltransferase from P. phosphoreum JT-ISH-467 and character-
ized in terms of biochemical and enzymatic properties. On the
basis of sequence homology, the enzyme belongs to the GT family
80 [14]. However, certain distinct features characterize a/b-galac-
toside and distinguish it from homologous enzymes in GT family
80. First, this enzyme recognizes both mono- and di-saccharides
as acceptor substrates. Furthermore, the sialyltransferase can
transfer Neu5Ac to both a-galactoside and b-galactoside, efﬁ-
ciently. In this study, we have determined the crystal structure of
the N-terminal 2–24 truncated form of this enzyme (DNpp23ST)
in the presence of CMP. The result suggests the broad acceptor sub-
strate speciﬁcity could be attributed to the wider entrance of the
accepter substrate binding site.
2. Materials and methods
2.1. Cloning, expression, puriﬁcation, and crystallization of
recombinant DNpp23ST
The cloning, expression, and puriﬁcation of the truncated form
of recombinant a2,3-sialyltransferase produced by Photobacterium
phosphoreum JT-ISH-467, DNpp23ST, have been reported previ-
ously [14]. The enzyme was crystallized as follows. Single crystals
were grown by the hanging-drop vapor diffusion method at 20 C.
The protein solution was composed of 5 mg/ml DNpp23ST in
25 mM MES buffer, pH 6.0 containing 100 mM sodium chloride
and 10 mM CMP. The well solution contained 200 mM potassium
chloride, 22% (w/v) polyethylene glycol 3350, and 2 mM zinc sul-
fate. Each drop consisted of 0.5 lL protein solution and 0.5 lL well
solution. After mixing the protein solution and well solution, crys-
tals were grown for fourteen days.Completeness (%) 97.5
Rcrystc (%)/Rfree
d (%) 17.3/22.9
Root mean square deviations
Bond length (ÅA)/bond angles () 0.010/1.209






Most favored (%) 91.6
Allowed (%) 8.4
Generously allowed (%) 0.0
Disallowed (%) 0.0
a Values in parentheses are for the highest-resolution shell.
b Rsym ¼
PðI  hIi=PhIi, where I is the intensity measurement for a given
refraction and hIi is the average intensity for multiple measurements of this
refraction.
c Rcryst ¼
P jFobs  Fcalj
P
Fobs, where Fobs and Fcal are observed and calculated
structure factor amplitudes.
d Rfree value was calculated for Rcryst , using only an undeﬁned subset of reﬂection
data (5.1%).2.2. X-ray data collection, structure solution, and reﬁnement
Before data collection, crystals was transferred stepwise into
cryoprotectant solution containing 30% glycerol under crystalliza-
tion conditions (200 mM potassium chloride, 22% (w/v) polyethyl-
ene glycol 3350, 2 mM zinc sulfate, and 10 mM CMP) and then
ﬂash-frozen at 100 K using a cryo system (Rigaku). X-ray diffrac-
tion data were collected using a Jupiter 210 (Rigaku/MSC Corpora-
tion) and synchrotron radiation (1.000 Å wavelength) at the
beamline BL38B1 of SPring-8 (Hyogo, Japan). Data were processed
using HKL2000 [25] and data statistics are summarized in Table 1.
The crystal of DNpp23ST in complex with CMP diffracted up to
2.0 Å, and belonged to the triclinic space group P1 with unit cell
dimensions of a = 54.43 Å, b = 57.83 Å, c = 59.25 Å, a = 90.06,
b = 106.76, and c = 103.20. The crystal structure was determined
by molecular replacement using D16psp26ST (domain 2 and do-
main 3) [23] as a search model with Phaser [26] and Molrep
[27]. Structure reﬁnement was performed using Refmac [28] andCNS [29] with diffraction data from 50.0 to 2.0 Å. After the ﬁrst
reﬁnement step, the atomic model of the protein was rebuilt with
the program Coot [30]. Iterative cycles of reﬁnement and manual
rebuilding in Coot were carried out until the Rcryst factor was
17.3% and Rfree factor was 22.9%. In ﬁnal structures, CMP were
unambiguously localized in the two complexes of DNpp23ST
(molA: 37–408 and molB: 37–409) in the asymmetric unit. Stereo-
chemical checks were carried out with PROCHECK [31]. The atomic
coordinate of DNpp23ST has been deposited in the Protein Data
Bank under accession code 2ZWI.3. Results and discussion
3.1. Overall structure
The crystal structure of DNpp23ST was reﬁned to 2.0 Å resolu-
tion (Table 1). There were two DNpp23ST-CMP complexes in the
asymmetric unit. Superposition of the two monomers of
DNpp23ST in the asymmetric unit led to the root-mean-square
deviation (rmsd) value of 0.24 Å for 372 Ca atoms (37–408),
indicating that both monomers were essentially the same. Our
analysis revealed the monomer structure of DNpp23ST (approxi-
mately 30  50  70 Å3) (Fig. 1a). DNpp23ST consisted of two sep-
arate Rossmann nucleotide-binding domains, domains 1 (39–224)
and 2 (225–409) which form the glycosyltransferase-B (GT-B)
structure.
Fig. 1. (a) Overall structure of DNpp23ST complex with CMP. Secondary structural elements are indicated by ribbons for helices, arrows for strands. Domain 1 and domain 2
are in light blue and blue, respectively. CMP at active sites is shown as space-ﬁlled models with an atomic color scheme (C, light blue; N, blue; O, red; P, orange). (b) CMP
binding site of DNpp23ST. Electron density maps (Omit Fo-Fc map contoured at 4r) are shown as green mesh. Hydrogen bond interactions with bound CMP are purple
dashes.
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CMP was located in a deep cleft between domains 1 and 2
(Fig. 1a and b); however, residues in domain 2 are predominantly
involved in interaction with CMP. The interaction pattern between
DNpp23ST and CMP was well conserved with D24PmST1-CMP and
D16psp26ST-CMP. The side chain nitrogen of Lys315 was within
hydrogen-bonding distances of atoms N-3 and O2 of the cytidine
ring. The main chain carbonyls of Lys315 and Gly277 and the main
chain nitrogen of His317 were within hydrogen-bonding distance
of atom N-4 of the cytidine ring. The main chain nitrogen Phe341
was within hydrogen-bonding distance of atom O2 of the cytidine
ring. Side chains of Val361 and Pro318 were found in CH/pi inter-
action positions with the cytidine ring. The carboxyl group of
Glu342 made a parallel bidentate hydrogen-bond pair with both
oxygen atoms O2* and O3* of the ribose. The side chain of Thr49
was within hydrogen-bonding distance of the oxygen atom O2*
of the ribose.
The side chain of His317 was within hydrogen-bonding dis-
tance of the oxygen atom O3P of the 50-phosphate. Backbone amide
nitrogen and side-chain oxygen from Ser360 and O2 of glycerol-1
were all within hydrogen-bonding distances to the oxygen atom
O1P of the 50-phosphate. The side chain of His317 was within
hydrogen-bonding distance of the oxygen atom O2P of the 50-
phosphate.
3.3. Structural comparison
DNpp23ST belongs to GT family 80, sharing 29% and 34% iden-
tical amino acids with D16psp26ST and D24pmST1, respectively.
As the proposed catalytic base residue (Asp148 in DNpp23ST)
and catalytic acid residue (His317 in DNpp23ST) are completely
conserved in GT family 80 [32], the catalytic mechanism is likely
to be conserved in the family.
In the crystal structures of D24PmST1, two distinct spatial
arrangement of the two domains were observed, and conforma-
tional changes inside each domain were also observed [20,21].
There are two type conformations of D24PmST1; open conforma-
tion (inactive form) and closed conformation (active form). Ni
et al. proposed the conformational change was induced by CMP
binding [20]. The proposed catalytic residue Dsp141 was in appro-
priate position to act as the catalytic base in the closed conforma-
tion, while it was far from the accepter substrate binding site in the
open conformation. Each domain structure of DNpp23ST (domain1 and domain 2) can be well superimposed onto those of
D24PmST1 (rmsd are 0.56 Å and 1.01 Å, respectively). On the other
hand, the relative position between domain 1 and domain 2 of
DNpp23ST was different from both open and closed forms of
D24PmST1. When the domain 2 was superimposed onto the corre-
sponding domain in 24PmST1 (closed form), the position of do-
main 1 is different from domain 1 of D24PmST1 (Fig. 2a), and
the position of the predicted catalytic base Asp148 is far from
the predicted position of the catalytic center (5.8 Å), which is the
3O position of lactose bound with D24PmST1. Thus, we concluded
that the conformation of the DNpp23ST-CMP complex observed in
the present study is unlikely to be an active conformation, even in
its CMP complex form.
3.4. Modeling of the closed conformation
We could construct a closed conformation model of the
DNpp23ST complexed with CMP and lactose based on the closed
conformation structure of D24PmST1 complexed with CMP and
lactose. The domain 2 of DNpp23ST with CMP was superimposed
on domain 2 of D24PmST1 with CMP, and domain 1 of DNpp23ST
was superimposed on domain 1 of D24PmST1 with lactose, sepa-
rately (Fig. 2b). As a result of this superimposition, CMP molecules,
predicted catalytic acids (His317 in DNpp23ST and His311 in
D24PmST1), and predicted catalytic bases (Asp148 in DNpp23ST
and Asp141 inD24PmST1) were well superimposed (Fig. 2c). These
results indicate that the constructed structure is likely to have
closed (active) conformation. Based on the superposition, the bind-
ing position of lactose which bound a2,3-linkage production could
also be predicted. In the reported crystal structure of D24PmST1
complex with CMP-sialic acid, sialic acid moiety interacted with
N-terminal residues (Arg63, Asp141, and Ser143) which are all
conserved in DNpp23ST (Arg74, Asp148, and Ser150). In the case
of superpose the modeled closed conformation of DNpp23ST to
D24PmST1 complex with CMP-sialic acid, sialic acid moiety could
be located in the active site of the modeled closed conformation
structure without any conﬂiction. The results indicate that resem-
ble interactions between the N-terminal residues and sialic acid
moiety could be happen. Thus, these interactions may trigger to
take closed conformation.
In Fig. 2c, Trp121 in DNpp23ST was well superposed with
His112, which is an important residue to recognize O4 of the gal-
actose part of lactose in D24PmST1. Thus, the position of Trp121
is suitable to recognize O4 of galactose by a hydrogen bond to
Fig. 2. Superposition between DNpp23ST and closed forms of D24PmST1 (PDB ID 2ILV) based on only domain 2. (a) Overall structures with ribbon models. Domain 1 and
domain 2 of DNpp23ST are in light blue and blue, respectively. D24PmST1 is in gray. CMP and lactose from D24PmST1 are shown as space-ﬁlled models with an atomic color
scheme (C, gray; N, blue; O, red; P, orange). CMP from DNpp23ST is shown as space-ﬁlled models with an atomic color scheme (C, light blue; N, blue; O, red; P, orange). (b)
Superposition between closed conformation model of DNpp23ST complex with CMP and closed forms ofD24PmST1 complex with CMP and lactose. All colors are the same as
in (a). (c) Active site structure from (b). CMP, lactose, His residues, ASP residues residue are shown in the same colors as in Fig 2a. Loop (280–283) fromDNpp23ST is shown in
red. The helix and loop area (269–279) with Trp270 reside from D24PmST1 are shown in orange. (d) Surface representations of the same area as (c). All colors are the same as
in (c). (e) Surface representation from closed conformation model of DNpp23ST. Lactose from D24PmST1 is shown as a stick model. All colors are the same as in (c).
2086 T. Iwatani et al. / FEBS Letters 583 (2009) 2083–2087the indole nitrogen in the aromatic ring and other parts of the ac-
cepter sugar by hydrophobic interaction. We propose Trp121 as a
key residue for the accepter substrate speciﬁcity of DNpp23ST.
In the closed conformation of D24PmST1, Trp270 was the major
residue to form one side of the accepter binding site; there is no
structurally corresponding residue in DNpp23ST at this position.
A structural change was observed at the loop, including Trp270
in D24PmST1 upon binding CMP-Neu5Ac. Although the corre-
sponding loop in DNpp23ST is only four residues compared with
11 residues in D24PmST1, and even if the conformation of the cor-
responding loop in DNpp23ST changes, it seems that there is no
compensating residue for Trp at this position (Ser280-Gly281-Thr282-Ala283). Consequently, the predicted accepter binding site
in DNpp23ST is wider than those other disaccharide preferential
bacterial sialyltransferases including D24PmST1 (Fig. 2d and e).
The broad substrate speciﬁcity for mono- and di-saccharides and
both a-galactoside and b-galactoside could be attributed to the
structural feature.Acknowledgements
The authors thank K. Hasegawa and H. Sakai of the Japan Syn-
chrotron Radiation Research Institute (JASRI) for their kind
T. Iwatani et al. / FEBS Letters 583 (2009) 2083–2087 2087assistance with the X-ray diffraction data collection on the beam
line BL38B1 at SPring-8.
References
[1] Regina Todeschini, A. and Hakomori, S.I. (2008) Functional role of
glycosphingolipids and gangliosides in control of cell adhesion, motility, and
growth, through glycosynaptic microdomains. Biochim. Biophys. Acta 1780,
421–433.
[2] Hakomori, S.I. (2002) Inaugural article: the glycosynapse. Proc. Natl. Acad. Sci.
USA 99, 225–232.
[3] Kogelberg, H. and Feizi, T. (2001) New structural insights into lectin-type
proteins of the immune system. Curr. Opin. Struct. Biol. 11, 635–643.
[4] Feizi, T. (2000) Carbohydrate-mediated recognition systems in innate
immunity. Immunol. Rev. 173, 79–88.
[5] Taniguchi, N., Honke, K. and Fukuda, M. (2002) Handbook of
Glycosyltransferase and Related Genes, Springer-Verlag, Tokyo.
[6] Coutinho, P.M., Deleury, E., Davies, G.J. and Henrissat, B. (2003) An evolving
hierarchical family classiﬁcation for glycosyltransferases. J. Mol. Biol. 328,
307–317.
[7] Gilbert, M., Watson, D.C., Cunningham, A.M., Jennings, M.P., Young, N.M. and
Wakarchuk, W.W. (1996) Cloning of the lipooligosaccharide alpha-2,3-
sialyltransferase from the bacterial pathogens Neisseria meningitidis and
Neisseria gonorrhoeae. J. Biol. Chem. 271, 28271–28276.
[8] Edwards, U., Muller, A., Hammerschmidt, S., Gerardy-Schahn, R. and Frosch, M.
(1994) Molecular analysis of the biosynthesis pathway of the alpha-2,8
polysialic acid capsule by Neisseria meningitidis serogroup B. Mol. Microbiol.
14, 141–149.
[9] Gilbert, M., Brisson, J.R., Karwaski, M.F., Michniewicz, J., Cunningham, A.M.,
Wu, Y., Young, N.M. and Wakarchuk, W.W. (2000) Biosynthesis of ganglioside
mimics in Campylobacter jejuni OH4384. Identiﬁcation of the
glycosyltransferase genes, enzymatic synthesis of model compounds, and
characterization of nanomole amounts by 600-MHz 1H and 13C NMR analysis.
J. Biol. Chem. 275, 3896–3906.
[10] Shen, G.J., Datta, A.K., Izumi, M., Koeller, K.M. and Wong, C.H. (1999)
Expression of alpha2,8/2,9-polysialyltransferase from Escherichia coli K92.
Characterization of the enzyme and its reaction products. J. Biol. Chem. 274,
35139–35146.
[11] Yamamoto, T., Nakashizuka, M. and Terada, I. (1998) Cloning and expression of
a marine bacterial beta-galactoside alpha2,6-sialyltransferase gene from
Photobacterium damsela JT0160. J. Biochem. 123, 94–100.
[12] Tsukamoto, H., Takakura, Y., Mine, T. and Yamamoto, T. (2008) Photobacterium
sp. JT-ISH-224 produces two sialyltransferases, alpha-/beta-galactoside
alpha2,3-sialyltransferase and beta-galactoside alpha2,6-sialyltransferase. J.
Biochem. 143, 187–197.
[13] Yamamoto, T., Hamada, Y., Ichikawa, M., Kajiwara, H., Mine, T., Tsukamoto, H.
and Takakura, Y. (2007) A beta-galactoside alpha2,6-sialyltransferase
produced by a marine bacterium, Photobacterium leiognathi JT-SHIZ-145, is
active at pH 8. Glycobiology 17, 1167–1174.
[14] Tsukamoto, H., Takakura, Y. and Yamamoto, T. (2007) Puriﬁcation, cloning,
and expression of an alpha/beta-galactoside alpha-2,3-sialyltransferase from a
luminous marine bacterium, Photobacterium phosphoreum. J. Biol. Chem. 282,
29794–29802.
[15] Takakura, Y., Tsukamoto, H. and Yamamoto, T. (2007) Molecular cloning,
expression and properties of an alpha/beta-Galactoside alpha2,3-
sialyltransferase from Vibrio sp. JT-FAJ-16. J. Biochem. 142, 403–412.
[16] Yu, H., Chokhawala, H., Karpel, R., Yu, H., Wu, B., Zhang, J., Zhang, Y., Jia, Q. and
Chen, X. (2005) A multifunctional Pasteurella multocida sialyltransferase: apowerful tool for the synthesis of sialoside libraries. J. Am. Chem. Soc. 127,
17618–17619.
[17] Hood, D.W., Cox, A.D., Gilbert, M., Makepeace, K., Walsh, S., Deadman, M.E.,
Cody, A., Martin, A., Mansson, M., Schweda, E.K., Brisson, J.R., Richards, J.C.,
Moxon, E.R. and Wakarchuk, W.W. (2001) Identiﬁcation of a
lipopolysaccharide alpha-2,3-sialyltransferase from Haemophilus inﬂuenzae.
Mol. Microbiol. 39, 341–350.
[18] Watanabe, M., Miyake, K., Yamamoto, S., Kataoka, Y., Koizumi, S., Endo, T.,
Ozaki, A. and Iijima, S. (2002) Identiﬁcation of sialyltransferases of
Streptococcus agalactiae. J. Biosci. Bioeng. 93, 610–613.
[19] Chiu, C.P., Watts, A.G., Lairson, L.L., Gilbert, M., Lim, D., Wakarchuk, W.W.,
Withers, S.G. and Strynadka, N.C. (2004) Structural analysis of the
sialyltransferase CstII from Campylobacter jejuni in complex with a substrate
analog. Nat. Struct. Mol. Biol. 11, 163–170.
[20] Ni, L., Sun, M., Yu, H., Chokhawala, H., Chen, X. and Fisher, A.J. (2006) Cytidine
50-monophosphate (CMP)-induced structural changes in a multifunctional
sialyltransferase from Pasteurella multocida. Biochemistry 45, 2139–2148.
[21] Ni, L., Chokhawala, H.A., Cao, H., Henning, R., Ng, L., Huang, S., Yu, H., Chen, X.
and Fisher, A.J. (2007) Crystal structures of Pasteurella multocida
sialyltransferase complexes with acceptor and donor analogues reveal
substrate binding sites and catalytic mechanism. Biochemistry 46, 6288–
6298.
[22] Chiu, C.P., Lairson, L.L., Gilbert, M., Wakarchuk, W.W., Withers, S.G. and
Strynadka, N.C. (2007) Structural analysis of the alpha-2,3-sialyltransferase
Cst-I from Campylobacter jejuni in apo and substrate-analogue bound forms.
Biochemistry 46, 7196–7204.
[23] Kakuta, Y., Okino, N., Kajiwara, H., Ichikawa, M., Takakura, Y., Ito, M. and
Yamamoto, T. (2008) Crystal structure of Vibrionaceae Photobacterium sp. JT-
ISH-224 alpha2,6-sialyltransferase in a ternary complex with donor product
CMP and acceptor substrate lactose: catalytic mechanism and substrate
recognition. Glycobiology 18, 66–73.
[24] Kim, D.U., Yoo, J.H., Lee, Y.J., Kim, K.S. and Cho, H.S. (2008) Structural analysis
of sialyltransferase PM0188 from Pasteurella multocida complexed with donor
analogue and acceptor sugar. BMB Rep. 41, 48–54.
[25] Otwinowski, Z. and Minor, W. (1997) Processing of X-ray diffraction data
collected in oscillation mode. Methods Enzymol. 276, 307–326.
[26] McCoy, A.J. (2007) Solving structures of protein complexes by molecular
replacement with Phaser. Acta Crystallogr. D. Biol. Crystallogr. 63, 32–41.
[27] Vagin, A. and Teplyakov, A. (2000) An approach to multi-copy search in
molecular replacement. Acta Crystallogr. D. Biol. Crystallogr. 56, 1622–1624.
[28] Murshudov, G.N., Vagin, A.A. and Dodson, E.J. (1997) Reﬁnement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D. Biol. Crystallogr. 53, 240–255.
[29] Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P., Grosse-
Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M., Pannu, N.S., Read, R.J.,
Rice, L.M., Simonson, T. and Warren, G.L. (1998) Crystallography and NMR
system: A new software suite for macromolecular structure determination.
Acta Crystallogr. D. Biol. Crystallogr. 54, 905–921.
[30] Emsley, P. and Cowtan, K. (2004) Coot: model-building tools for molecular
graphics. Acta Crystallogr. D. Biol. Crystallogr. 60, 2126–2132.
[31] Vaguine, A.A., Richelle, J. and Wodak, S.J. (1999) SFCHECK: a uniﬁed set of
procedures for evaluating the quality of macromolecular structure-factor data
and their agreement with the atomic model. Acta Crystallogr. D. Biol.
Crystallogr. 55, 191–205.
[32] Yamamoto, T., Ichikawa, M. and Takakura, Y. (2008) Conserved amino acid
sequences in the bacterial sialyltransferases belonging to Glycosyltransferase
family 80. Biochem. Biophys. Res. Commun. 365, 340–343.
